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- is interesting as it probes a wide variety of phenomena including the ;
o,

electrical conductivity along with any relaxations which may be present in ‘s

’

the material including that associated with the glass transition. ¢
. "

-
Consequently, it is worth reviewing some of what is known concerning the *J

Y,
}
dielectric properties of these materials. The discussion will be limited e

to poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).(‘ e
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1. INTRODUCTION

Beyond their interest as fundamental properties of a mate-ial, the
dielectric constant and loss are of particular significance for ion
conducting polymers. For example, the dielectric constant plays a
fundamental role in the ability of a polymer to dissolve salts. The reascn
is that the dielectric constant is a measure of the reduction of Coulomb
interactions and thus high dielectric constant fluids greatly re-uce
ion-ion interactions, inhibiting crystal f‘ormation.1 The dielectric loss
is interesting as it probes a wide variety of phenomena including the
electrical conductivity along with any relaxations which may be present in
the material including that associated with the glass transition.
Consequently, it is worth reviewing some of what is known concerning the
dielectric properties of these materials. The discussion will be limited

to poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).

2. DEFINITIONS AND BASIC CONCEPTS

The best approach to the dielectric constant is via the polarizaticn
vector (dipole moment per unit volume):2

L=eoxetk (1)

where € is the permittivity of free space, Xe is Lhe electric

susceptibility, and E,is the electric field. Next, the electric
displacement vector, 2, is defined to be:
R=¢cE+P (2)

from which it follows that:
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= i’
D= e (1 +x)E (3) e
A
which leads to the definition of the real part of the diclectri coratan: L ]
r
g
(relative permittivity), €', as: ! \
-
t - v
€ LIRS % (4) \
1)
so that:
~'~
D =¢ ¢'E (5) "~
~ [e] ~ >
'r‘s
The imaginary part of the dielectric constant, e", is relatsd to the :a
.}.
electrical conductivity, o, which is defined by: i
¢
J = oE (6) u:;;
where’i is the electric current density. Th: definition of <" fcllows \:
from Maxwell's equation (in this case written for harmonic fields): ir
VxH-= jwd+J (7)
where H is usually known as the magnetic field intensity. Substituting, fﬁ
'
then, N
’
VxH= (juwe e+ 0)E (%) v
~ o] :.f
and thus 87
N
VxH- jwsois’ - Jo/som[E (9) ;l
from which the definition: o~
3
e" = 0/ w (10) N
© -
.!-:
follows in order to define the complex dislectric constant: %
* ]
€ =¢' - je" (1) =
<
Often, the loss tangent: E}
o
tans = ¢"/e' = 0/¢ we' (12) o
o} )

]

is also defined which is a measure of the ratic of the conduction current
relative to the displacement current. 1t is important to rzalize, then,

that the true real part of the dielectric constant arises {rom tne
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%\ polarization of the material as given by Eq. (1).

: Often, confusion concerning the dielectric constant arises becauce

“ of the operational definition of the real part of the dielectric constant
{ :
' whoo by
yg (which is here designated as the apparent dielectric constant)jis:
"
A 4
Aal
L]
N € = C/C (13)
» app o
)
.'Q
h »
z& where CO is the capacitance of any configuration of electrodes where the
space surrounding them is vacuum and C is the capacitance with an isciropis
A
3 N . . . : :
‘:k material filling the space., The confusion arises because charg»s whisn are
A
~ free to move within the material, but are blocked at the electrcies, 2:un
)
give a large contribution to the capacitance measured by 2an incirurent,
“r
'}' This has been referred to as space charge polarization and is cften
f;
I$ observed in ionic conductors.3 (In the case of lanthanum fluoride, the
: . . 4 . .
polarization effects are apparently due to surface effects. ) As this
AN contribution is a consequence of the ionic conductivity, it will be bcth
.. frequency and temperatu:r¢ “‘crendent. Specifically, the appirent dieiectric
g
.
: constant will decrease as frequency increases and will decreass as
D
- ,
: temperature decreases., The reason for jdentifying this false contrinhution '
.
H‘ +
o 1o the dieslectric constant in the case of polymers, of cours2, i3 that it :
12
does not contribute to the solvation characteristics of the matorial.
7 The operational definition of the imaginary part of <ne Ziclextric
;
N ; )
., constant is often taken to be:
N
\I
. e" = G/wC (1)
0
where G is tne conductance of the material. Conserusntly, G/e ciffers
‘C from ¢" only via € and the geometrical factor contuined in C_. There
N c
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are no ambiguities associated with this definition of €” other than thonc 4

associated with separating the various contributions which ugain can Lo N

done via the frequency and temperature dependence, &
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X 3. Poly(ethylene oxide) and Poly(nropylene oxide) :
o

. -
A plot of the "apparent" real and imaginary parts of the dielectric -

l constant for PEO vs. temperature is shown in Fig. 1. The two r~laxation v,
2 L}
B ) 5-18 o "
regions usually seen in this material, aa and Y, are apparent in the
; imaginary parts along with their contributions to the real part of the -
i :-
dielectric constant. -
) e
' As regards its impact on the solubility of ions in PEQ, the real *
e,
part of the dielectric constant is an extremely important compcnent of é
.
{ these results. The false part of the diel2cztric constant, that Jue to \
\ ) ) "
‘ space charge or surface effects is apparent at high temperatures. As N’
X
{ discussed in section 2, it is identifiable by its strong frequoncy and .;
» .
A
temperature dependence. It is seen to be insignificant below the glass v
I \I
s
s transition temperature. Qualitatively subtracting off this contribution, ;
# the dielectric constant of the solid at about room temperature is 4
) o
¥
o approximately 4., Aside from a possible small contribution from the a, :
‘ :.
§ relaxation, this represents the dielectric constant of typical PED at rcom .
temperature. This implies very little reduction of ion-ion interactions N
: v,
; and thus raises the question of why PEO has such an afinity for ions. Tne :l
A . 7
v
‘ answer can be found in the dats of Porter and Boyd 3 whe studled the -~
dielectric constant of both molten and solid PEO. Their data are shown in ~
¥ :.-
y Fig. 2 and it is seen that the dielectric constant of molten, and nence -
|
! amorphous PEO is approximately 8. This shows at least part of the reason -
‘ .
P! why PEO is a fairly effective solvent for a large number of salts. h
N
i This line of reasoning can be pursued further by considering the :
. ; . L o 19,2 . N
K. dielectric constant of PPO which ic shown in Fig. 3. The d1ti are N
1 ]
. 6 » %]
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similar to that reported by Varadarajan and Boyer21. The differences ruay
be dus to the fact that those authors studied low molecular weizht (2034)

material while the present work is for PAREL 58 elastomer (Herculas, In:.)

A

which is a high molecular weight material which contains about “% of allyl

P e T A S S Y T

glycidyl ether. However, the differences are within the approxirmite}

iy ]b%

uncertainty of the absolute dieleciric constant for the present work., The

. 8.
MR

relative variation with temperature or frequency is accurate at shout tr-

oo
s ala

0.1% level. It is apparent that the dielectric constant of zbout 5.5 is

smaller than for amorphous PEO. This is a conseqguence of the m Lhyl group

; making PPO less polar than PEO and correlates with the fact that PPC is not \
L,ZI-2U \
as strong a solvent as PEO. In fact, it has been recently shown 7'
- that at elevated temperatures salts have a tendency to precipit- cut of
i,

EAAI T 2T

¢
PPO. Indeed, it has been observed2o that the higher the melting point of :
¢
the salt, the lower the salt precipitation temperature implying that the r
stronger the ion-ion interaction, the easier it is for the salt to i:
b :.' i
! precipitate out. In ref., 20 it was pointed out that the variation of the oy
A
dielectric constant with temperature shown in Fig. 3 can be used to explain 'l
'
the effect. Specifically, it is seen that the dielectric constant .i
’
decreases as temperature increases in PPC and thus screening of the Coulomb R
P
! interaction becomes weaker as temperature increases. i
‘ )
For PEO, the variation of the dielectric constant with temperature \i
! N
within the amorphous phase is not clear at the present time. Before the \ﬁ
\ J
crystalline phase melts, the dielectric constant of the bulk material '{7
]
actually increases with increasing temperature. This is apparent from Fig. i
N
A
4
1a and is expected in that the strength of the lcss peak associnted with oy
; the glass transition, aa, increases as temperature increases as seen in 4?
; )
7 -
A
-
;
)
-
Vs
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Fig. 1b. This behavior often ozcurs in semicrystalline polymers. However, Ny
¢
the variation of the dielectric constant with temperature avove the mel'inyg ;'
point remains to be determined. It is likely that it will behave similorly o
}5
to the results for PPO shown in Fig. 3 where Curie-Weiss behavior is seen >
Ny
i.e. both the loss peak and dielectric constant decrease approxirately as Pa
1/T. 1In any event salt precipitation, if it occurs, will take place at -9
higher temperatures than in PPO because of the higher dieloctris constant :5
=
o
of PEO. N
D
It has been well established that the a relaxation in F:. and “ne ﬂ;
o . . 12 2
a relaxation in PPO are associated with th- glass transiticn. ~ For 2
N
]
A Tu
example, for typical loss peaks as shown in Fig. 4, it has been ~hown' ﬁﬂ
»
that the peak position, which is apprcoximately equal to trc¢ reciprocza: of N
J'__
the relaxation time, follows a VTF equation: -
o~
n
-1/2 - / -
w_ = AT exp [Ea k(T To)] (1 %_
p o)
~
Y
26 ;:j
T imaginary part of the iavriliak-Necami function”™  for tne complex ,t‘
-
capacitance, C*=C-jG/w: !_
N ¢
2
N
D -
*
c - e (16 %
Lix (et ) T908
o] .
was best-fitted to the data in order to determine the peax positions. :;t
Typical results are shown in Fig. 4. For the three tempcr:tures, the threa Gj
.
’
constant Havriliak-Negami parameters were found to be D=£.4%, a=.7%, and b{
) . -5 - amgqnT3 g&
8=0.53 while " varied from 1.84x10 “s to 4.79x10 s ¢ ~.77x13 “s for <.
._.‘)-
230.8K, 221.8K, and 215.8K respectively., By fitting 2g. {('%) ¢~ the A
=
®
8
o
..\ '
)
§
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relaxation time data, it was fcund that Ea=0.059 eV, TO=‘"",5x,'3, and
1/2.-1 -1

log1OA=13.95K 2 'cm . These parameters are important for comparison
with the results for the ionic conductivity as discussed in scction 4.
Another indication that the a relaxation is associated wi*h the
glass transition temperature, 1s that these relaxations are strongly
dependent upon pressure as is usually the case for glass transition
27 28

temperatures. The data for PEO and PPD are shown in Figs. & and ©

respectively. From the data it was concluded that the ~lrna relaxations
and hence the glass £ransition temperatures shift about 9 OC/err for {0
and 17 °c/kbar for PPO. These values are typical for glnss trancitions in
polymers.

To analyze the data from an isothermal point cf view iz . 1on usful,
However, the loss peak vs. frequency is not observable for PEQ 24 the
frequencies used in the present work. This is expected on the basis of the
data for PEO presented by Connor et al.g Consequently, csiuch results can
only be presented for PPO. In that case, the quantity usuully used to
describe these processco ¢ the activation vclume, which iz defined by:

Av = (ag/aP)T (17)
where g 1s the Gibbs energy {or the process in question., In order to treat
the a, relaxation properly, a free volume expression such as Eq. (195)
should be used. The difficulty is to identify the Gibbs energy. One sucn

2 . S
model 9 contains the requisite form, however, there are o lirge number of

ambiguities associated with the other terms such as the entropy and other

29

constants. For example, Papke et al. arrived at an exgression for the
free volume activation volume for electrical conduziivity, but did not taxe

intc accoeunt that TO is likely to be strongly pressure a pondont. A more

Q

SRV S RS AT L w.'-'.-'--..-..-,c"-,‘-.-*




[N 20 (Sa82 ") §. S o 2 ‘ n . V" - < % ¥ i % N " A i\ ', v LR e AR L s “ Ll l_ Chy ) . - “ L \ W ¥ -."f‘.""- W
) [y
k) -
| o™,

) g
1, v
' ‘
' L]
a 30 L)

5 correct expression exists and, in fact, was used to show %hat TO cannct by

. R

be equal to the glass transition temperature. That result has since beon

) I ) - 25,28 Ny

() verified by careful fitting of electrical conductivity data. However, .

K} ]

i) L A . . !

) in view of the remaining ambiguities, that approach will not be consicered
' .
‘ . L}

- further until a more complete free volume theory exists.

o Alternatively, an "Arrhenius" activation volume can be czizulat«:: ,
1 4 ‘
, via: 5
1 ‘

T(3 8 .
Av = =~k 1nw / 1 N
Arp u)p BP)T (18) ;

P The reason that this is called an Arrhenius activation volume is that * is ]

B ) . . . ) K
: based on the assumption of Arrhenius behavior which, of course, is not .

¥ 5

N really valid for these materials as Eq. (18) follows from 17) under the -

assumption that the process is described by: K

N S

Y = ~ - . [
w_ = ¢ EXP(-g/kT) (19) :

" p & :
: where ¢ 1s a pressure independent constant. ;

~ The large Arrhenius activation volumes, 46-81% ch/mol, czlculated .

- ¢
N from Eq. (18) are understandable in that the relaxaticn is controlled by M
o) '.
- the large scale segmental woticns of the polymer chain invelved in the e

, ces 25 . ) P

» giass transition i.e. large numbers of atoms are involved in the -

'’

: reorientation process and thus a large volume change of the material is
) ,
: . - - '
j necessary as the dipoles proceed from the minimum energy pcsition to the

1
d saddle point. .

:: This is in contrast to results for the Y relaxation fcr FEC for -

) . ‘ , . 27,31 N

N which the activation volume is found to be very small , on *he order of g

4 cm3/mol. This is consistent with the usual interpretation of r as due

> @

g : 1 :“3“ T ; ‘*
o, to the motion of very small segments of the polvmer chnain” . 1t is O
- L)”.

1: interesting that these motions are associated with the amorphous pnase and «
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persist above the glass transition and into the molten region for F':‘O.13

It has been shown that the process exhibits Arrhenius behavior with an

f 35

activation energy of about 0.33 eV. Further, Rietman et al, nave pointed

B out that a nuclear magnetic resonance signal with a similar activaticn
energy exists in these materials36. This signal is probably correlated
with the Y relaxation. It follows that the motions represented oy this

: process must be included in any complete theory of ion ccnduction in these

materials.

&
-3
o2
c*

There is another relaxation which is often obscrved in PE

17)37—39
C

relaxation 1s either labeled a or merely QUO which c-~urs at a
higher temperature (or lower frequency) than a_. That relaxaticn is
easily seen in the thermally stimulated depolarizaticn current :7SCC)
results shown in Fig. 7. TSDC is essentially a very low frcquency (on the
8 order of mHz) dielectric relaxation experiment. That relaxation ig scmehow
13

related to the crystalline phase. However, Porter and Boyd were nct able

to identify such a relaxation in PEO.

YL LRy TNy Y-
~ . .,A.l .. ¢
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4., PEO and PPO Containing lons

Of most interest when salts are adaded to the polyetnars, of cource,

is the electrical conductivity. Insight into the conductivity ~an be

obtained from a study of the a relaxation. Specifically, it iz ciear that

for amorphous polymers the electrical conductivity exhibits VTF type

behavior and thus an equation similar to Egq. (15) is apprapriat., nansly,

= AT—”2 exp-[Ea/k(T_To)] (20)

By fitting Eq. (20} to the electrical conductivity data for PPU containing

. e . 25 . . o
various lithium salts, it was found that the activation param ters, &

and To' are very close to for those obtained for the elootrical relaxation

time for the a relaxation.

o

For example, for PPO-LiCFBSOj Ea=0.036 eV and
o

-
TO=21NK is 3MOC lower than the central glass transition temperafure.LS Te

emphasize the correlation, this best fit curve for the electrical

conductivity is plotted in rig. 8 along with the conductivity anz <ats for

the a relaxation. It is seen that the peax positions car bs scz.ad

cr

-~
v

follow the same VTF curve as the electrical conductivity. Consecuently,

this represents evidence that the dominant process contrclling the ionic

conductivity is the same as that for the a relaxaticn. Since it has been

known for many years that the a relaxatior is cont

(G105 84

rollec bty large scale

segmental motions of the polymer chains, that must also ©° tnhe dominant

process controlling ionic conductivity in amorphous pelymers. O course,

this alcne does not imply that large scale segmontal mctinne re

T
-
4]
()
3
cr
.
joy
(¢

transport mechanism, because the electrical conductivity Zoos n¢t

12

eIl 3

t0

N N,

F Lt

ﬂ',

AN

)

R

b
Is

fl'l.;"" .

Py 4
AN

YL BPX,
2y KN

7,

-"1:.' Y,

» R

R
N

»
~




e v, -, - .. v 3 - . . e - 1 s i 1 ) 3, . . Y LY \. \\\‘-
A A Y A LA T M TN L e R VAT R Sed 0. A L0 4 Lollig S o) Gty A1 Sol Salinglt Gl Sl N

R 4
.

«’d
LI I

2
distinguish between ion concentration and mobility. Howsver, using “3Na
NMR techniques on PPO containing NaClOu it has been shown that cver a

temperature range where the cornductivity changes by five orders of

2 e

magnitude the carrier concentration changes by only a small amo.nt (abcut

P rdl s kNt "-\"':'- ’_”v'- e

20%).23 Consequently, carrier generation plays only a mincr role in the

, variation of electrical conductivity with temperature. The ccmbined N
4 b
: results show, then, that the dominant process controlling icn o tinn is Ry
]
ol
[ “
! indeed large scale segmental mction of the polymer chains. r'
3
K A similar correlation exists for the effect of pressure on the "3
electrical relaxation time for the a relax:*icn and the electric il .
»
! »
conductivity. Again, an "Arrhenius" activation volume can be c¢:!~ulat:d <
'
-
via: ”
) .")
i v
¥ Av = —xT{(3lng/3P 21 )
D Arr 0/3 )T (2 ) ;
) ) 15 )
: An updated version of the resultant activation volumes a7 plott«d in Fig. N
i
; 9 where the "Arrhenius" activation volumes are plotted vs. temperature -
» ;
above the '"central" glass transition temperature. It is apparent that for :
-
1 these materials the effect of pressure cn the electrical relaxation time s
N [
for the o relaxation is the same as that for the electricsl conductivity. A
"
! This represents further evidence for the importiance of large scnle :.
o
] A . . . . 'y
. segmental motions as regards lonic ~enductivity. N
»
The strong decrease of tne "Arrheniis"™ activaticrn volums with i
4 v
increasing temperature i3 a conseguence of the VIF-type trnavicr of the <
2onductivity. Specifically, it follows that for Arrhenius proo sses tne <
. . - . —~ . P ¢
activation volume scales with the Gibbs enzrgy. That has 2eern snown beth o~
Pt
) Ly " . L2,u43 . . A - .
experimentally and theoreticzlly. Since tlie G:0bs ~nergy for an ’
. . . a
arrheriius process is calculated from the slope of a plot =7 log. .3 vs. 2
13 ';‘
, ")
1
i
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T 0. 8

A

&£,

1000/T, the effective Gibbs energy for VIF bernavior must decrease strorn,ly

as temperature increases, as is apparent from fig. 8. Tnus, the

"Arrhenius" activation volume is expected to decrease as temperature
increases because it varies as the effective Gibbs energy.

It is noted that the effect of ions on the a relaxation ¢:rnot b-

1]

directly observed because the glass transition is shifted tc hiucter

temperatures and thus the a relaxation, if it exists, will be micked by

the high "background" conductivity. However, the eftect of ions on the Y

relaxation region has been directly cbserved. The most stricing exampl: is

o . . 1

for PEO containing XSCN as shown in Fig. 10. 7,38 The resultant IR
spectrum is much more compex than for PEO (Fig. 1p). On tne olr-°r hand,
PEO containing NaSCN which showad very little charnge in tne DR »-ricn,

This difference was attributed to the much large size of the potassium ion,

the effect being to produce more distortion in the polymer chain. Next,

when the anion was changed from SCN to ClOu, as in PEO containing NaClOu,

. . ) . 18 .
there was a strong shift in the Y relaxation region . This was clear

evidence of the interac...n ~f the anion with the polymer chain. Finally,

zlkaline earth salts procduce largs

37

changes in the DR spectrum ac chown in
g

Fig. 11. It is intererting that for the better ionic conductor, the

barium salt, that the Y relaxation region is shifted to higner toemperaturs

(higher activation energy).

39

Recent TSDC studies nave indicated tnat the Y rel=zxation regiosn

actually consists of several closely spaced relaxations arnd it is ¢
relative populations of these which change giving rise to the shifis in the
DR spectrum. Typical results are shown in Fig. 12 vi.re tn. TS07 agats: feor

20 centaining NasCN and NaClOu are plotted. While

the DR cro2tum
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£

apparently consists of one, albeit very broad, peak in the Y rolaxation

region,‘7'18 the TSDC spectrum for the same region indicates tho prescnca ?‘
of at least three closely spaced peaks. i;
Finally, when ions are added to PEO, it has been shown that the real ;{

N

part of the dielectric constant of the solid material increases by seviral :ﬁ

percent.17 In fact, the increase is approximately that which would be .
S
i
expected for a mixture of salt (with dielectric constants from & to C) and <
polymer. However, this result is for the solid which is itszlf a mixture ~

of amorphous and crystalline regions and it is not clear what the

gy ™ WP

dielectric constant is in the individual regions.
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Figure 1.

T(K) for PEQ with molecular weight ux106. The curves {from left to right)

i

i
are: short dash-10 Hz; chain link-—102 Hz; solid-103 Hz; long dash-10 Hz;

Vasy

[N N T

medium dash—los Hz. Straight line segments connect the 4atum p2ints which

"8

e

‘re not shown. The data are the same as shown in ref. 27 on a iifferent

scale and with a different frequency designation.
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Figure 2. Real part of the dielectric constant vs. T(K) for PEQ {(larbowax

e
vy

20M): molten at 65.7°C (e,0); rapidiy quenched crystzlline (

%

solid (Q); slowly cooled crystalline (80%+) solid (@), The results are

2

- v e
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.

from ref. 13 by permission of the author.
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Figure 3. Real (a) and imaginary (b} parts of the dielectric
constant at five frequencies (features from left to rignht): 10
Hz-~short dashed lines; 100 Hz-long dased lines; 1000 Hz-solid
lines: 10,000 Hz-dot dash (chain) lines; 100,000 Hz-dotted lines,
Straight line segments connect the datum points. Curve (c) is a
TSDC spectrum., A voltage of 200 V was applied to the sample for
15 min at a polarization temperature of 190K and the heating rate
was 6 K/min.
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Figure 5. Dielectric loss peaks for PEO at five pressures at
the region of the glass transition for mnlecular weight 5x106.
(from 1~ft to right) are: (a) 0.0001 (1 atm.), (bl 0.04, (¢ 0.08 ()
0.12, and (») 0.16 GPa. Straight line segsments connect the datum points.
The cata ars from ref. 27.
W e, S R e S T e N R A R A L AT G R A

r2Z®

L1 @ FEY

Syt

EEEL
.. 701

o
AX,

,'.-"n
[

v
¢ L

’

e T Je i
y

“ e "-."-\) x"v,'l.'-', -1' 3

LORSL R

v LR
Pl "i-'i'.,

P A

‘)','v"r". e T e W Jov )
PR

P
v

el

L]

xS

ST ATy

h 20

r

Y

,
»

S oh D X

- """.f



o -
hir S 'l;:."' 3

- o
D

R

S o

(e v ain’ ' e S 3
2 - «
Py .“.‘. «'a

Al S,

4+ 3 2

AR L A A

LT TS S R
L Ll At

—-

220 234
T(K)

Tigure 6. [Lielect.ic 1735 peuxs for PPC at seven pressures at 1000

H

246 258 270

2 In

the regicn of the glass transition. The curves (from 1-fL to right) are:

fa) 0.0021 (1 atm.), (b} ©.03, (c¢) 0.06 (d) 0.09, (e) 0.12 GPa, (f;

and (g) 0.21 GPa.
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2

2Na radio tracer measurements (+), C. Bridges and A. V
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Solid State Ionics, to be published).
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PEO/salt = 4.5:1. This figurc is from ref. 39.
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